We demonstrate high-energy resonant dispersivewave emission in the deep ultraviolet (218 to 375 nm) from optical solitons in short (15 to 34 cm) hollow capillary fibres. This down-scaling in length compared to previous results in capillaries is achieved by using small core diameters (100 and 150 µm) and pumping with 6.3 fs pulses at 800 nm. We generate pulses with energies of 4 to 6 µJ across the deep ultraviolet in a 100 µm capillary and up to 11 µJ in a 150 µm capillary. From comparisons to simulations we estimate the ultraviolet pulse to be 2 to 2.5 fs in duration. We also numerically study the influence of pump duration on the bandwidth of the dispersive wave.
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We demonstrate high-energy resonant dispersivewave emission in the deep ultraviolet (218 to 375 nm) from optical solitons in short (15 to 34 cm) hollow capillary fibres. This down-scaling in length compared to previous results in capillaries is achieved by using small core diameters (100 and 150 µm) and pumping with 6.3 fs pulses at 800 nm. We generate pulses with energies of 4 to 6 µJ across the deep ultraviolet in a 100 µm capillary and up to 11 µJ in a 150 µm capillary. From comparisons to simulations we estimate the ultraviolet pulse to be 2 to 2.5 fs in duration. We also numerically study the influence of pump duration on the bandwidth of the dispersive wave.
Optical soliton dynamics, obtained by balancing linear and nonlinear contributions to the phase of a propagating light pulse, are a key phenomenon in nonlinear fibre optics. Resonant dispersive wave (RDW) emission in gas-filled hollow fibres is a particularly promising application of this effect, enabling the generation of tuneable ultrashort pulses and supercontinua at shorter wavelengths than possible in any solid-core waveguide [1, 2, 3, 4, 5] , from the vacuum ultraviolet to the visible spectral region. These dynamics were pioneered in hollow-core photoniccrystal fibres (HC-PCF). Recently, we demonstrated that they can be scaled in energy by up to several orders of magnitude in simple hollow capillary fibres (HCF) [5] . Pumping gas-filled large-core HCF with 10 fs pulses enabled soliton self-compression to 1 fs in the near infrared-an optical attosecond pulse-and the generation of few-femtosecond vacuum and deep ultraviolet (VUV/DUV) pulses at unprecedented peak power, comparable to free-electron lasers. We also showed that up-scaling of those dynamics to the terrawatt scale is feasible by further increasing the HCF core size. Here, we down-scale the core size instead to achieve a more compact and practical setup. Whereas our first demonstration made use of 3 m HCF, here we show that this can be reduced to just 15 to 34 cm when using small-core HCF and even shorter pump pulses-6.3 fs, as readily generated in widely used conventional HCF pulse compression systems. The required pulse energy is also reduced, which is an additional advantage if multiple frequency conversion schemes are to be driven simultaneously, as for instance in multi-colour time-resolved spectroscopy experiments.
The HCF length required to generate a dispersive wave is primarily determined by the distance over which soliton selfcompression occurs. This is well approximated by the fission length L f ,
where N is the soliton order and L d and L nl are the dispersion and nonlinear lengths, describing the length scales of groupvelocity dispersion (GVD) and self-phase modulation (SPM), respectively [6] . Broadly similar soliton dynamics and RDW emission can be obtained with different parameters, provided that the soliton order and the zero-dispersion wavelength λ zd remain the same. In particular, the spectral location of RDW emission is chiefly determined by the pump wavelength λ0 and λ zd . With both of these fixed, the fission length in HCF scales with the core radius a and the pump pulse duration τ as
where I0 is the peak intensity of the incident pump pulse [5] . This intensity is limited by the need to avoid self-focusing and excessive ionisation [5] . The most effective way of reducing the required HCF length is therefore the use of smaller core diameters. However, since the propagation loss of HCF increases dramatically for smaller cores, with the loss length Ll scaling as Ll ∝ a 3 , this strategy reduces the overall throughput or even precludes soliton dynamics entirely [5] . Therefore, shorter pump pulses are also required. Fig.1 (b) shows this scaling for a zero-dispersion wavelength of 560 nm in three different core diameters-100 and 150 µm as used here, and 250 µm as used for the first demonstration of soliton dynamics in HCF [5] . Soliton dynamics can be obtained in very compact HCF systems when using short pulses and small cores. The experimental layout is shown in Fig.1(a) . A commercial titanium-doped sapphire amplifier delivers 30 fs pulses at a repetition rate of 1 kHz. They are spectrally broadened in a 1.7 m long stretched HCF of 450 µm core diameter filled with 3.5 bar of helium and compressed by 12 reflections from chirped mirrors (PC70, Ultrafast Innovations) and a fused silica wedge pair. An achromatic waveplate (B.Halle) and Brewster-angle silicon plate form a variable attenuator. The compressed pulses are coupled into a second HCF of either 150 µm core diameter and 34 cm length or 100 µm core diameter and 15 cm length for soliton self-compression. Output spectra are collected using a combination of an integrating sphere and CCD spectrometer. This system has been calibrated for absolute spectral response, allowing the extraction of UV pulse energies directly from the spectra (this has been verified by comparison to direct energy measurements). The spectra are corrected for the loss caused by reflection from the uncoated MgF2 exit window of the HCF system.
The driving pulse is characterised using time-domain ptychography in a sum-frequency generation cross-correlation frequencyresolved optical gating (SFG-XFROG) apparatus, which is placed after either of the second HCFs [7] . In this way, the pulse measurement includes any spectral variation of the attenuation or waveguide coupling. The measured traces are corrected for any spectral selectivity in the apparatus by projecting their frequency marginal onto the expected marginal as calculated from the spectra of the unknown pulse and the narrowband 1 arXiv:1903.12103v1 [physics.optics] 28 Mar 2019 gate pulse used in the XFROG. The pulse retrieval consists of 100 iterations of the regularised iterative ptychographic engine (rPIE) [8] using the measured trace and the gate pulse spectrum as the input. The pulse at the entrance of both HCFs, 6.3 fs in duration, is shown in Fig. 1 (e-f). It is obtained by numerically back-propagating the retrieved pulse. Fig. 2(a-b) show the evolution of the output spectrum from the 100 µm and 150 µm HCF for one choice of λ zd , 560 nm, as the driving pulse energy is increased (the energy shown includes coupling losses). For these parameters, RDW emission is phasematched at 250 nm. In the two different capillaries, the RDW appears at 50 µJ and 85 µJ of driving pulse energy respectively. That the dynamics are close to identical is a consequence of the general energy-scaling laws of soliton dynamics in HCF-by adjusting the gas pressure and energy such that λ zd and N are fixed, the same soliton dynamics can be obtained in HCF with different core diameter [5] . The scaling laws predict an energy ratio of 2.25-that this is not reproduced exactly in our experiments (we use 1.7) is likely due to the higher propagation loss in the 100 µm HCF, which is not accounted for in the scaling rules.
The phase-matching wavelength for RDW can be changed by adjusting the gas pressure, with higher pressure leading to RDW emission at longer wavelengths. Fig. 2(c) shows this tuneability for the 150 µm core diameter HCF, covering 218 to 375 nm. Near-identical spectra can be obtained at lower energy in the smaller core. Note that since HCF is free of the guidance resonances found in HC-PCF, the tuning is completely continuous without any gaps. The energy contained in the RDW is shown in Fig. 2(d-e ). In the 150 µm HCF, 7 to 11 µJ are generated across the DUV. Even in the smaller HCF, the RDW pulse energy is several times larger than the highest reported in HC-PCF at all wavelengths we generate here [2] .
To gain more insight into the temporal structure and evo-lution of the dispersive wave, we have simulated the soliton self-compression using the single-mode unidirectional pulse propagation equation [9] . The model includes the waveguide [10] and gas [11] dispersion and the Kerr nonlinearity [12] . The effect of photoionisation [13] is included using the Perelomov-Popov-Terent'ev ionisation rate [14] , however the ionisation fraction remains below 10 −5 even at the highest peak intensity achieved in any of the simulations considered here (2.4 × 10 14 W cm −2 ). Fig. 3(a) shows the comparison between the numerically modelled and experimentally measured output spectrum from the 150 µm core diameter HCF at 120 µJ driving pulse energy (indicated by the white dashed line in Fig. 2(b) ). The overall agreement is excellent, with the exception of a strong feature around the pump wavelength. We attribute this to poor pulse contrast of the initial 30 fs laser pulses, meaning that a significant part of the input energy does not contribute to the nonlinear interaction. The simulations take this into account by reducing the driving pulse energy from the measured value by 30 µJ, the energy contained in the shaded area in Fig. 3(a) . Note that this also implies that even higher conversion efficiencies to the UV should be possible when using higher-quality driving pulses. On the other hand, that imperfect driving pulses give rise to high-quality RDW emission reflects the resilience of soliton dynamics in general, which can even arise from noise [15] .
Given that we closely reproduce the spectrum of the RDW in the simulations, we can infer the general properties of the UV pulse generated in our experiment. Previous experiments in HC-PCF have shown that the RDW is emitted as a near transform-limited pulse with a duration as short as 3 fs when pumped with 15 fs pulses [16] . From the simulations, we infer that the RDW pulses generated in these compact HCF systems are even shorter. As the propagation dynamics in Fig. 3(b point of highest peak power, 30 cm into the propagation, the RDW pulse (shown in Fig. 3(c) ) has a duration of 2.5 fs. Shortly before this point, at 26 cm, the pulse has reached 50 % of its maximum energy but 80 % of its maximum peak power with a pulse duration of only 2 fs. This is a conservative estimate of the RDW pulse duration, since the measured RDW spectrum is in fact even more broadband than the simulated one.
Differences in RDW spectra generated at the same wavelength but with different driving pulse durations have previously been investigated in numerical studies [17] . Following the approach outlined in that work, we have simulated RDW emission for different driving pulse durations while keeping the normalised soliton order S = N/τ fixed (this is equivalent to constant peak power) by increasing the pulse energy for longer pulses. To allow a more direct comparison, the waveguide loss and thus the influence of the varying fission length is ignored in these simulations. Fig. 3(d) shows the RDW spectra after propagating for 1.5 times the fission length for a 150 µm core diameter HCF filled with 5.9 bar of helium when pumped with Gaussian-shaped pulses with S = 0.45 fs −1 (peak power of 6.7 GW) and durations of 5, 9, 13 and 17 fs. Two main effects are visible: broader spectra for shorter pulses and shorter central wavelengths for longer pulses. It is well-known that the nonlinear contribution to the phase-matching causes a blue-shift of the RDW for higher initial peak power, since phase-matching to the RDW is primarily due to positive third-order dispersion [1, 18] . However, that this also occurs for pulses of the same initial peak power is more surprising and makes clear that the influence of the nonlinear phase is more complex. Unless a pulse is so long in duration that modulational instability plays an important role, all initial pulses with the same peak power will compress to approximately the same minimum duration (the compressed pulse duration scales as τc ∝ τ /N ∝ 1/S), albeit with varying amounts energy contained in a low-power pedestal [19] . Therefore the maximum peak power increases for longer, more energetic pulses-in our simulations, it is 12 GW for the 5 fs pulse and 20 GW for the 17 fs pulse. This increases the nonlinear phase contribution despite the identical initial peak power.
In addition, the quality of the self-compression (the relative amounts of energy in the self-compressed peak and the pedestal) depends on the soliton order N rather than S [19] , so that longer pulses with the same peak power lead to a more complicated nonlinear phase landscape than shorter ones. The interplay between the peak power and the self-compression quality can be illustrated by reducing the energy of a longer pulse to shift the RDW to the same frequency as generated by a shorter one. The dashed line in Fig. 3(d) shows the RDW obtained by reducing the initial peak power of the 17 fs pulse to 2.3 GW (S = 0.27 fs −1 , self-compressed peak power 8.9 GW). At this power, the RDW is emitted at the same wavelength (238 nm) as with the higherpower 5 fs driving pulse. The bandwidth is significantly narrower than generated by the 5 fs pulse, demonstrating that the initial pulse duration plays an important role in determining the shape of the RDW spectrum. Further detailed study is required to fully elucidate the relationship between pump pulse duration and RDW spectrum.
One of the strengths of RDW emission as a frequency conversion technique is that much shorter pulses than the driving pulse can be generated [16] . The pulse duration scaling we have investigated here suggests that, like in other frequency up-conversion schemes, shorter driving pulses lead to shorter RDW pulses. Note, however, that this is due to a different mechanism than for e.g. third-harmonic generation (THG), where the up-converted pulse duration is directly determined by that of the driving pulse. In RDW emission, it is the evolution of the self-compressing driving pulse that causes the difference.
In conclusion, high-energy ultrashort pulses in the deep ultraviolet can be generated in simple hollow capillary fibres over distances as short as 15 cm and with driving pulses of less than 100 µJ energy. The short driving pulses required are readily generated in many existing compression systems; this greatly expands the utility of this technique. Pulse energies in the DUV of around 10 µJ and 5 µJ can be generated in 150 µm and 100 µm core diameter HCF, respectively, both of which are significantly higher than what has been achieved in HC-PCF. Furthermore, the achievable wavelength tuning range is not limited by guidance resonances, unlike in HC-PCF. The RDWs generated with short driving pulses are more broadband, a fact which we attribute to the altered contribution of the nonlinear phase-matching. RDW emission in the VUV as in the first demonstration of HCF soliton dynamics [5] will be straightforward to achieve. We expect that these capabilities in combination with the compactness we demonstrate here will find many applications in ultrafast science.
